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Although live-attenuated influenza vaccines (LAIV) are safe for use in protection against seasonal influenza
strains, concerns regarding their potential to reassort with wild-type virus strains have been voiced. LAIVs
have been demonstrated to induce enhanced mucosal and cell-mediated immunity better than inactivated
vaccines while also requiring a smaller dose to achieve a protective immune response. To address the need for
a reassortment-incompetent live influenza A virus vaccine, we have designed a chimeric virus that takes
advantage of the fact that influenza A and B viruses do not reassort. Our novel vaccine prototype uses an
attenuated influenza B virus that has been manipulated to express the ectodomain of the influenza A hemag-
glutinin protein, the major target for eliciting neutralizing antibodies. The hemagglutinin RNA segment is
modified such that it contains influenza B packaging signals, and therefore it cannot be incorporated into a
wild-type influenza A virus. We have applied our strategy to different influenza A virus subtypes and generated
chimeric B/PR8 HA (H1), HK68 (H3), and VN (HS5) viruses. All recombinant viruses were attenuated both in
vitro and in vivo, and immunization with these recombinant viruses protected mice against lethal influenza A
virus infection. Overall, our data indicate that the chimeric live-attenuated influenza B viruses expressing the
modified influenza A hemagglutinin are effective LAIVs.

Influenza A viruses (IAV), members of the Orthomyxoviri-
dae family of negative-strand RNA viruses, are formidable
pathogens, causing significant morbidity and mortality world-
wide (18). Seasonal epidemics caused by slight permutations in
the antigenic regions of the viral surface proteins kill thou-
sands of people each year in the United States (18). Pandemic-
scale influenza A virus disease occurs when the reassortment of
genomic segments between different virus subtypes results in a
virus that is virulent in humans and that is antigenically novel
in the human population (18). During the last 100 years, there
have been four global pandemics: the 1918 Spanish pandemic
(HIN1 subtype), the 1957 Asian pandemic (H2N2 subtype),
the 1968 Hong Kong pandemic (H3N2subtype), and the 2009
swine-origin flu (HIN1 subtype). Among those, the most dev-
astating outbreak was the 1918 pandemic, which claimed the
lives of an estimated 100 million people worldwide (1). Sixteen
different influenza A virus hemagglutinin (HA) subtypes have
been identified (7, 29); however, most modern humans have
been exposed to only two to three of those subtypes (H1, H2,
and H3); this limited immune exposure is concerning, since a
virus from any of the other 13 to 14 subtypes that gained the
ability to transmit and cause disease in humans would not be
controlled by existing human immunity (11). The severe dis-
ease in humans caused by sporadic primary transmission events
of H5 highly pathogenic influenza A viruses (HPAI) highlights
the threat that novel subtypes pose to the human population
(3, 23).
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Vaccination is still the best means of protection from influ-
enza virus infections (17, 19). There are presently two types of
FDA-approved influenza vaccines: an inactivated vaccine and
a cold-adapted live-attenuated vaccine. Although the inacti-
vated form has long been the mainstay weapon in the fight
against influenza, the live-attenuated influenza vaccine (LAIV)
does have several advantages over the inactivated vaccine. The
intranasal delivery of the LAIV can induce a broader immu-
nologic response, engaging both enhanced mucosal and cellu-
lar immunity. While providing effective and possibly enhanced
immunity against influenza disease, serious concerns exist re-
garding the administration of LAIVs in prepandemic circum-
stances. Although the risk is low, one cannot exclude the pos-
sibility that an attenuated vaccine strain, containing a novel
hemagglutinin gene, will recombine with a wild-type virus to
generate a fully virulent virus expressing the hemagglutinin
from the vaccine strain. Consequently, even though multiple
LAIV candidates have been generated and demonstrated to
have protective efficacy (4, 13, 15, 22, 24, 28), these live vac-
cines are not likely to be used in prepandemic situations.

To address this safety concern, we have designed a system
for generating reassortment-incapable virus strains that could
be used as LAIVs in prepandemic circumstances. Our system
is based on a chimeric influenza B/A approach in which a
recombinant and attenuated influenza B virus (rIBV) is res-
cued that expresses a modified ectodomain of the influenza A
hemagglutinin (see Fig. 1A and 6A). Previous studies have
demonstrated the feasibility of generating recombinant influ-
enza A viruses expressing the hemagglutinin of a B virus (5,
10); there is no known reassortment capability between influ-
enza A and B viruses (8, 12, 14, 26). We have generated three
reassortment-incapable viruses using this influenza A/B chi-
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FIG. 1. Schematic design of HA and nonstructural gene (NS) segments used to generate chimeric recombinant influenza B/Ya88 viruses
(rIBVs). Diagram of the rIBV expressing the A/PR/8/34 (H1) HA ectodomain (A) and the A/Hong Kong/1/1968 (H3) HA ectodomain (B). The
majority of the HA ectodomain was from the influenza A virus, whereas the rest of the HA protein was from the influenza B virus. (C) The
truncated form of NS1-110 was generated by the introduction of two stop codons (indicated by the arrow) after the codons corresponding to amino
acid 80 or 110 and a deletion of 100 nucleotides (indicated by a dotted box). NCR, noncoding region.

mera strategy in an attenuated influenza B virus background.
Our influenza B-based vaccine strains express the hemaggluti-
nin from either the H1 or H3 hemagglutinin or the hemagglu-
tinin from a prototypic HS subtype influenza A virus.

The recombinant viruses generated demonstrate attenuated
growth in vitro and are not pathogenic in mice. Further, the
immunization of mice with the chimeric A/B viruses provided
protective immunity against disease caused by the homologous
influenza A virus. We suggest that a robust human vaccine
against H5 or other potential pandemic subtypes (16) can be
generated using this novel replication-incompetent live-atten-
uated vaccine system.

MATERIALS AND METHODS

Cells and viruses. 293T and Madin-Darby canine kidney (MDCK) cells were
obtained from the American Type Culture Collection (ATCC; Manassas, VA)
and maintained in Dulbecco’s modified Eagle’s medium (DMEM) and minimal
essential medium (both from Gibco, Carlsbad, CA), respectively, supplemented
with 10% fetal calf serum (HyClone, Logan, UT) and 1% penicillin-streptomycin
(Gibco). The MDCK cell line, expressing both green fluorescent protein-chlor-
amphenicol acetyltransferase (GFP-CAT) and firefly luciferase under the control
of the beta interferon (IFN-B) promoter (MDCK pIFNR), was maintained in the
medium containing 1 mg of hygromycin B/ml and 2 mg of Geneticin/ml (9).

All recombinant influenza B viruses used in these experiments were propa-
gated in 8-day-old embryonated chicken eggs for 3 days at 33°C (9). All recom-
binant influenza A viruses were propagated in 8-day-old embryonated chicken
eggs for 2 days at 37°C.

Construction of plasmids. The reverse-genetic plasmids used for generating
influenza B viruses were constructed in our previous study (9). The plasmids
encoding the chimeric A/B HAs were derivatives of the corresponding wild-type
(WT) A/HA segment. Briefly, the chimeric pDZ-B/VN HA was constructed by
swapping the A/VN/1203 hemagglutinin (without a polybasic cleavage site) into
the B/HA sequence using QuikChange XL site-directed mutagenesis (see Fig.
6A). A similar strategy was applied to construct the plasmids for pDZ-B/PR8 HA
and pDZ-B/HK68 HA (Fig. 1A and B).

Rescue of recombinant chimeric IBVs. Rescue of influenza B viruses from
plasmid DNA was performed as previously described (6, 9). Briefly, for the
generation of recombinant B viruses, 293T-MDCK cell cocultures were cotrans-
fected with 1 ug of each of the eight plasmids using Lipofectamine 2000 (Invit-
rogen, Carlsbad, CA). At 12 h posttransfection, the medium was replaced with
Dulbecco’s modified essential medium (DMEM) containing 0.3% bovine serum
albumin (BSA), 10 mM HEPES, and 1.5 pg/ml TPCK (L-1-tosylamide-2-phenyl-
ethyl chloromethyl ketone)-treated trypsin. At 3 days posttransfection, virus-
containing supernatant was inoculated into 8-day-old embryonated chicken eggs.
Allantoic fluid was harvested after 3 days of incubation at 33°C and assayed for

the presence of virus by the hemagglutination of chicken red blood cells and by
plaque formation in MDCK cells.

Growth Kinetics of recombinant viruses in MDCK cells. To analyze viral
replication, confluent IFN-competent MDCK cells were infected at a multiplicity
of infection (MOI) of 0.05 and incubated at 33°C in minimal essential medium
containing 0.3% BSA and 1.5-pg/ml TPCK-treated trypsin. Viral titers in super-
natants were determined by plaque assay on MDCK cells.

Western blotting and indirect immunofluorescence analysis. One well of a
six-well dish of confluent MDCK cells was infected (MOI of 2) with the indicated
recombinant influenza viruses or mock infected with phosphate-buffered saline
(PBS) for 1 h at 33°C. At 15 h postinfection (hpi), cells were lysed in 1X protein
loading buffer as described previously (9). The reduced cell lysates were sub-
jected to Western blot analysis by using monoclonal antibody against A/PRS/HA
(PY102), A/HK68/HA (12D1), A/VNO4/HA (MO08), and B/NP (B017), as well as
polyclonal antibody against NS1 or monoclonal anti-actin (Sigma, St. Louis,
MO). The final Western blotting bands were visualized using an enhanced
chemiluminescence protein detection system (PerkinElmer Life Sciences, Bos-
ton, MA).

For immunofluorescence analysis, confluent monolayers of MDCK cells on
15-mm coverslips were infected with recombinant viruses at an MOI of 2. At 15
hpi, cells were fixed and permeabilized by treatment with methanol-acetone
(ratio, 1:1) at —20°C for 20 min. After being blocked with 1% bovine serum
albumin in PBS containing 0.1% Tween 20, cells were incubated for 1 h with a
monoclonal antibody directed against A/PRS/HA (PY102), A/HK68/HA (12D1),
and A/VNO4/HA (MO08) as mentioned above. After three washes with PBS
containing 0.1% Tween 20, cells were incubated for 1 h with Alexa Fluor 594-
conjugated anti-mouse immunoglobulin G (IgG; Invitrogen, Carlsbad, CA). Af-
ter one additional wash, cells were counterstained with 4’,6’-diamidino-2-phe-
nylindole (DAPI; Invitrogen, Carlsbad, CA). Following the final two washes,
infected cells were analyzed by fluorescence microscopy with an Olympus IX70
microscope.

Bioassay to measure IFN production. We used the MDCK pIFN cell line to
evaluate the levels of IFN produced in cells infected with influenza B viruses. The
experimental procedure was adapted from our former study (9). Briefly, six-well
dishes of confluent MDCK pIFNP cells were infected at an MOI of 2 with
different recombinant B viruses for 12 h, with PBS as the mock infection control.
The expression of GFP was visualized by fluorescence microscopy with an Olym-
pus IX70 microscope. Cell lysates were prepared for luciferase assay.

Mouse immunization and challenge. Eight-week-old female BALB/c mice
(Jackson Laboratory, Bar Harbor, ME) were anesthetized with a mixture of
ketamine and xylazine administered intraperitoneally and infected intranasally
with 10-fold serial dilutions of different rIBVs (in 50-pl volumes) as indicated
below. To determine lung virus titers, mice were euthanized at day 3 or 6
postinfection. Lungs were homogenized and resuspended in 1 ml sterile PBS
containing 0.3% BSA, and the titers were evaluated on MDCK cells.

Three weeks after immunization, mice were challenged by intranasal infection
with the influenza A/PR8 HINT virus at 1 X 10°> PFU (pathology) or 1 X 10>
PFU (virus lung replication), the influenza A/PR8 HK68:HA/NA H3N?2 virus at
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1 x 10° PFU (pathology) or 5 x 10* PFU (virus lung replication), or the
influenza A/PR8 VN:HA/NA H5N1 virus at 5 X 10° PFU (pathology) or 1 X 10°
PFU (virus lung titer).

Eight-week-old female C57BL/6 PKR '~ mice were anesthetized and infected
intranasally with 10-fold serial dilutions of the recombinant B/'VN HA NS1-110
chimeric viruses. Three weeks postimmunization, mice were challenged by in-
tranasal infection with influenza B/Ya88 virus at 1 X 10° PFU.

All animal procedures performed in this study were in accordance with Insti-
tutional Animal Care and Use Committee (IACUC) guidelines and have been
approved by the IACUC of the Mount Sinai School of Medicine.

Passive immunization and challenge. Eight-week-old BALB/c mice were pas-
sively immunized with 200 pl of polyclonal sera from mice previously vaccinated
with different recombinant viruses and then lethally challenged with influenza A
viruses 24 h later. Survival and body weight loss were monitored for 14 days
postchallenge.

Assessment of pathogenicity and infectivity for chickens. The ability of the
recombinant wild-type (rWT) B/Ya88 and rIBV-VNO4HA to infect or cause
disease in chickens was assessed by intranasal and intravenous inoculation stud-
ies, respectively, in 4-week-old specific-pathogen-free White Plymouth Rock
chickens as previously described (24).

ELISAs and enzyme-linked immunospot (ELISpot) assays. To assess the
levels of virus-specific antibodies present in immunized mice, enzyme-linked
immunosorbent assays (ELISAs) were performed on diluted serum samples and
nasal and lung washes, as described earlier (9). In brief, serum was obtained from
mice right before viral challenge and stored at —80°C. We coated 96-well ELISA
plates (Immulon4; Dynex, Chantilly, VA) with 50 pl (10 wg/ml) of the appro-
priate influenza A viruses. After being washed with PBS, coated wells were
blocked with PBS containing 1% BSA and then incubated with diluted serum.
After 1 h of incubation at room temperature, wells were rinsed with PBS and
incubated with a secondary anti-mouse IgG conjugated to peroxidase (Invitro-
gen, Carlsbad, CA). Rinsed wells were incubated with colorimetric substrate
(4-nitrophenyl phosphate; Invitrogen, Carlsbad, CA) for 30 min and read with a
plate reader that measured the optical density at 405 nm (OD,s; DTX880
multimode detector; Beckman Coulter).

To detect antigen-specific cytotoxic T lymphocytes, we used the ELISpot assay
to measure the number of IFN-y-producing spleen cells in response to stimula-
tion with influenza B/Ya88 viral peptide presented on major histocompatibility
complex (MHC) class I, as described previously (25). The assay was performed
using an ELISpot kit (R&D Systems). Pooled splenocytes of immunized mice
were counted and incubated with anti-CD8 beads (Miltenyi Biotec) in buffer
(PBS, pH 7.2, 0.5% BSA, and 2 mM EDTA; degassed for 15 min). CD8" T cells
were purified by adherence and elution from LS MACS columns (Miltenyi
Biotec) and then counted. Splenocytes from naive mice (including antigen-
presenting cells) were infected with the rtWT at an MOI of 5 for 2 h in a volume
of 100 I, treated with 6 ul of 0.5-mg/ml mitomycin C (Sigma) to stop cell growth,
and used to stimulate CD8™ T cells from vaccinated mice. Infected splenocytes
(2 X 10°) from naive mice were added to each well. Purified CD8" T cells (1 X
10° 5 X 10° and 2.5 X 10°) from vaccinated mice were added to wells in
triplicate. The plate was read using an ELISpot plate reader (Cellular Technol-
ogy, Ltd.).

RESULTS

Generation of an attenuated recombinant influenza B virus
expressing either the PR8 or HK68 hemagglutinin. The trun-
cation of the NS1 protein in both influenza A and B viruses has
been shown to significantly attenuate virus growth; NS1-trun-
cated influenza viruses have been developed as candidate live-
attenuated influenza vaccines (9, 21, 22). The recombinant
influenza B virus with a truncated NS1 protein with a 110-
amino-acid final length is currently a promising influenza B
vaccine candidate, since it can grow to high titers in vitro and
has proven safe and protective (9). Using this recombinant
influenza B virus possessing a truncated NS1 (rIBV-NS110),
we constructed two novel vaccine strains comprising the
rIBV-NS110 virus expressing the hemagglutinin ectodomain
of two influenza A viruses, A/Puerto Rico/8/34 (rIBV-
NS110-PRSHA, H1) and A/Hong Kong/68 (rIBV-NS110-
HK68HA, H3).

J. VIROL.

The segments coding for hemagglutinin in these chimeric
viruses retain the signal peptide sequence and the transmem-
brane and cytoplasmic domains of B/Yamagata/16/88. Of note,
we also replaced the last five amino acids of the A virus hem-
agglutinin ectodomain with those of the sequence from the B
virus hemagglutinin. The resulting recombinant viruses are
composed of seven genomic segments from B/Yamagata/88
(with a truncated NS1) plus a chimeric eighth segment coding
for the influenza A hemagglutinin while retaining regions of
the influenza B hemagglutinin segment required for packaging
(Fig. 1).

Recombinant influenza B viruses express both truncated
NS1 and influenza A hemagglutinin. To determine whether
the recombinant viruses express the corresponding influenza A
hemagglutinin and the truncated NS1-110 protein, we infected
MDCK cells with rIBV-NS110-PRSHA or rIBV-NS110-
HK68HA. Mock-infected cells were used as a negative control.
At 15 hpi, cells were lysed, the lysates were resolved on an
SDS-PAGE gel, and viral proteins were detected by Western
blot analysis (Fig. 2A and B). As shown in Fig. 2A, both
rIBV-NS110 viruses express the truncated NS1 protein at the
expected molecular weight using a polyclonal antibody against
the aminoterminal portion of NS1, whereas the rWT B virus
expresses the full-length NS1. In addition, both recombinant
chimeric viruses express their corresponding influenza A hem-
agglutinin, with rIBV-NS110-PRS8 and rIBV-NS110-HK68 ex-
pressing the PR8 hemagglutinin and the HK68 hemagglutinin,
respectively. The expression of PR8 hemagglutinin and HK68
hemagglutinin in infected MDCK cells also was analyzed and
detected by indirect immunofluorescence, further indicating
that the influenza A HAs are indeed expressed in rIBV-NS110-
AHA-infected cells (Fig. 2C).

The efficient induction of interferons (IFNs) during viral
replication is a hallmark of NS1 truncation mutant viruses of
both influenza A and B origins (9, 21). To characterize the IFN
induction by rIBV-NS110-AHA viruses, we used the MDCK
pIFNR cell line. MDCK pIFNR cells were infected with rtWT B
virus or the two rIBV-NS110-AHA viruses at an MOI of 2, and
PBS was used as a negative control. At 15 hpi, we observed
significantly higher GFP signals in rIBV-NS110-AHA-infected
cells than in either the rWT B virus- or mock-infected cells
(data not shown). In addition, rIBV-NS110-AHA infection
induced 5-log-higher levels of luciferase activity than those
induced by the wild-type B virus and mock infection (Fig. 2D).

rIBV-NS110-AHA viruses are attenuated in vitro and in vivo.
Safety is the primary concern in determining whether chimeric
rIBV-NS110 viruses can be used as live-attenuated vaccines.
To address this, we first investigated the multistep replication
kinetics of rIBV-NS110-AHA in MDCK cells. MDCK cells
were infected at an MOI of 0.05, and the virus present in
supernatants from infected cells was measured at different
time points postinfection by plaque assay on MDCK cells. The
growth characteristics of the rIBV-NS110-AHA viruses were
different from those of the rtWT B virus (Fig. 2E). The peak
titer of the rIBV-NS110-PRS8HA virus was close to 2 logs lower
than that of the rtWT B virus, while the peak titer of the
rIBV-NS110-HK68HA virus was even lower (Fig. 2E). These
observations are consistent with those in our previous study of
the influenza B NS1-110 mutant virus (9). In addition, the
plaque sizes of the two rIBV-NS110-AHA viruses also were
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FIG. 2. Characterization of recombinant chimeric influenza
B/Yamagata/88 viruses. Western blot analysis of the rIBV-NS110-
PR8HA (A) and rIBV-NS110-HK68HA (B). Extracts from MDCK
cells mock infected or infected with the indicated viruses (15 hpi) were
probed with specific antibodies against PR8 HA (PY102) (a-PR8 HA),
HK68 HA (12D1) («-HK68 HA), B/NS1 (polyclonal antibody) (a-B/
NS1), and B/NP (B017) (a-B/NP) to monitor viral infection, and B-ac-
tin (a-Actin) was used as an internal loading control. (C) The stable
expression of the chimeric hemagglutinin during infection was further
assessed by immunofluorescence analysis using either a PR8 HA-
specific or an HK68 HA-specific monoclonal antibody. Nuclei were
stained with DAPI. IFN-o/B induction by B viruses was evaluated
using the MDCK pIFNR cell line, which expresses the firefly luciferase
(FF-Lucif) gene under the control of the IFN-B promoter (9). (D) The
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smaller than that of the rWT B virus (Fig. 2F). These results
demonstrate that the two recombinant viruses are attenuated
in vitro.

We next investigated the attenuation of rIBV-NS110-AHA
in vivo by measuring viral replication in lungs, along with
weight loss and survival rates in mice. To evaluate pulmonary
viral replication, BALB/c mice were infected with 1 X 10° PFU
of recombinant B viruses. As shown in Fig. 3, rIBV-NS110-
AHA virus replication in the lungs was 2 to 3 logs lower than
that of the rWT B virus at 3 days postinfection. In addition,
rIBV-NS110-AHA viruses were cleared more rapidly and were
undetectable in the lungs 6 days postinfection. Weight loss is
an important index for evaluating influenza virus pathogenicity
in vivo. We infected BALB/c mice (n = 4) intranasally with
10-fold serial dilutions of each recombinant virus (1 X 10° to
1 X 10% PFU) and measured body weight daily for 14 days
postinfection. Only mice infected with 1 X 10° PFU of rIBV-
NS110-PR8HA lost about 15% of their initial weight at 7 days
postinfection, but they eventually regained the weight. The
weight loss likely is due to the specific mouse-adapted charac-
ter of the PR8 hemagglutinin. In summary, both rIBV-NS110-
AHAs have an attenuated phenotype in vitro and in vivo.

Vaccination with rIBV-NS110-AHA elicits an antibody re-
sponse in BALB/c mice. Antibodies that target the influenza
virus hemagglutinin protein are the main protective mecha-
nism against influenza infection and therefore are a critical
component of a successful vaccine. To analyze the efficiency of
rIBV-NS110-AHAs in inducing a protective humoral response,
we evaluated the antibody response following vaccination.
Mice were immunized with rIBV-NS110-PRS8HA, rIBV-
NS110-HK68HA, or rWT B virus, and antibodies in the sera
were analyzed by ELISA 21 days postvaccination (Fig. 4).
Immunization with rIBV-NS110-PRSHA or rIBV-NS110-
HK68HA induced virus HA-specific IgG antibodies in the sera
of vaccinated mice (Fig. 4A and B). To further evaluate
whether the antibodies could confer protection in vivo, we
immunized mice with sera from previously vaccinated animals
and found that sera from the three highest vaccine dose groups
conferred full protection upon challenge with the same dose
(1 X 10° PFU) of PRS virus (Fig. 4C). Sera from the lowest
vaccine dose (1 X 10% PFU) could not protect mice from death
but did prolong their survival by 3 days compared to that of the
control polyclonal sera treatment groups (Fig. 4C).

rIBV-NS110-AHA protects against lethal influenza A virus
challenge in BALB/c mice. To determine whether robust anti-
body response to two influenza A subtypes, H1 and H3, cor-
related with in vivo protection, mice were immunized with
rIBV-NS110-PRSHA or rIBV-NS110-HK68HA and chal-
lenged with rPR8 or X31 (rPRS8 expressing the HA and neur-
aminidase [NA] of HK68), and lungs were harvested at 3 and

cells were infected with the recombinant influenza B viruses. Fif-
teen hours postinfection, the activation of the IFN-B promoter was
determined by assessing firefly luciferase activity. (E) Multicycle
growth curves of the recombinant viruses in MDCK cells infected at
an MOI of 0.05 and titrated by plaque assay on MDCK cells. (F)
Plaque size phenotypes of the chimeric B NS1-110 viruses in MDCK
cells at 3 days p.i.
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60

6 days postchallenge to determine viral burden. Mice immu-
nized with rIBV-NS110-PR8HA and challenged with rPR8 had
no detectable virus in the lungs at both 3 and 6 days postin-
fection (Fig. 5A), whereas control mice (rWT B virus infected
or mock treated with PBS) had significant amounts of virus in
their lungs. Similarly, mice immunized with rIBV-NS110-
HK68HA and challenged with X31 (Fig. 5B) had significantly
smaller amounts of virus at day 3 postinfection than control
groups and had no detectable virus at 6 days postinfection.
These observations indicated that immunization with recom-
binant chimeric B viruses conferred protection against PRS8
and X31 lung infection.

To further evaluate whether the vaccination could deliver
full protection to animals against lethal viral infection, mice
then were challenged with a lethal dose of either rPR8 or X31.
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FIG. 4. Mice immunized with chimeric viruses generate influenza
A virus-specific antibodies. Eight-week-old female BALB/c mice (n =
3) were immunized with the indicated viruses or with rIBV and PBS as
negative controls. Serum samples were collected 21 days postvaccina-
tion. Specific IgG antibodies against A/PRS virus (A) or A/X31 virus
(B) were detected by ELISA as described in Materials and Methods.
Eight-week-old female BALB/c mice (n = 4) were passively immu-
nized with a total 200 pl of the indicated polyclonal sera (intraperito-
neal route) 24 h prior to viral challenge. After antibody administration,
the mice were challenged with 1,000 PFU PRS virus. (C) Body weight
of passively immunized mice challenged with PR8 virus. *, P < 0.05;
wx, P < 0.01; and *#%, P < 0.001 versus PBS control).

Mice immunized with either rIBV-NS110-PR8HA (Fig. 5C) or
rIBV-NS110-HK68HA (Fig. 5D) survived lethal viral chal-
lenge without exhibiting any symptoms during the course of 14
days postinfection. In contrast, both the rtWT B virus-immu-
nized and mock-immunized mice showed significant weight
loss, and all animals succumbed to infection by day 5. Of note,
mice immunized with 1 X 10? and 1 X 10> PFU rIBV-NS110-
HK68HA lost about 15% of their initial weight in the first 3
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FIG. 5. Vaccination with the chimeric rIBV-NS110-AHA protects BALB/c mice against lethal infection with influenza A virus. Eight-week-old
female BALB/c mice (n = 10) were vaccinated with 10-fold serial dilutions of rIBV-NS110-PRS8HA (A and C) or rIBV-NS110-HK68HA (B and
D) (from 1 X 10° PFU to 1 X 10 PFU). Control groups were immunized with 1 X 10° PFU rWT B/Ya88 virus or mock treated with PBS. Three
weeks postvaccination, for viral lung replication study the mice were infected with either 1 X10* PFU of A/PRS virus (n = 6) or 5 X 10* PFU of
A/X31 virus (n = 6). For stringent viral survival studies, mice were infected with a higher dose of 1 X 10* PFU of A/PRS virus (n = 4) or 1 X10°
PFU of A/X31 virus (n = 4). (A and B) The pulmonary replication of influenza A viruses in vaccinated mice on days 3 and 6 p.i. Average lung
titers = standard deviations are depicted. The limit of detection was 5 PFU. (C and D) Animals were monitored for body weight changes and

survival for a total of 14 days postchallenge.

days postchallenge but quickly regained their weight after day
4 postinfection. Ultimately, all vaccinated mice survived lethal
challenge, whereas all control mice succumbed to lethal chal-
lenge with PRS8 or X31 around 3 days postinfection.
Generation of rIBV-NS110 expressing the HA of VN04 (HS).
Thus far, we have demonstrated the feasibility of using the
recombinant influenza B virus possessing a truncated NS1 and
an influenza A hemagglutinin as candidate vaccines against
two representative influenza A virus subtypes, namely, H1 and
H3, which currently are cocirculating in the human population.
As shown above, both rIBV-NS110-AHAs are attenuated in
growth in vitro and apathogenic in mice, and more importantly,
they induced an immune response that protects against lethal
influenza A virus (H1 and H3) challenge. Because the influ-
enza A virus of the H5 subtype has the potential to cause the
next pandemic, we used a similar approach to construct an
rIBV-NS110 expressing the ectodomain of A/Vietnam/1203/04
(rIBV-NS110-VN04HA), which is of the HS subtype (Fig. 6A).
We then carried out similar experiments to evaluate rIBV-
NS110-VNO4HA as a candidate for a prepandemic LAIV.
We first examined the proper expression of the chimeric
VNO04 hemagglutinin in rIBV-NS110-VNO4HA-infected cells.

As expected, the VNO4 hemagglutinin protein was detected in
rIBV-NS110-VNO4HA-infected MDCK cells by Western blot
analysis and immunostaining assays (Fig. 6B and C), indicating
that the recombinant virus properly expresses VN04 hemag-
glutinin protein. We next examined the ability of rIBV-NS110-
VNO4HA to induce an IFN response. We observed an increase
in GFP expression and an enhancement of firefly luciferase
activity in MDCK pIFNB cells after rIBV-NS110-VNO4HA
infection compared to those of the controls at 15 hpi (Fig. 6D
and E). Thus, our data demonstrate that rIBV-NS110-
VNO4HA induces an appropriate IFN-B response which is
known to be associated with attenuation in vivo of NS1-trun-
cated influenza viruses (9, 21, 22).

Growth characteristics of rIBV-NS110-VN04HA virus in cell
culture, mice, and chickens. Comparably to the H1 and H3
chimeric viruses, rIBV-NS110-VNO4HA grew to a level of
about 2 logs less than that of the rWT B virus (Fig. 7A), which
translated to smaller plaque sizes (Fig. 7B). We next investi-
gated rIBV-NS110-VNO4HA replication characteristics in
both BALB/c and C57BL/6 PKR '~ mice. C57BL/6 PKR /'~
mice have compromised immunity due to a deficiency in pro-
tein kinase R (PKR) and previously have been shown to be an
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(A) Schematic design of HA and NS segments used to generate rIBV-NS110-VNO4HA. The stable expression of chimeric hemagglutinin
during infection was monitored by Western blotting (B) and immunofluorescence analysis (C). Extracts from MDCK cells mock infected or
infected with the indicated viruses (15 hpi) were probed with specific antibodies against VN HA (MO08) (a-VN HA), B/NS1 (polyclonal
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(C) Immunofluorescence analysis was performed using a VN HA-specific monoclonal antibody. Nuclei were stained with DAPI. MDCK
pIFNB cells were infected with the recombinant B viruses or mock-treated with PBS to evaluate IFN-«/B induction by rIBV-NS110-
VNO4HA. Fifteen hours postinfection, the activation of the IFN-B promoter was determined by assessing the GFP expression level (D) and

firefly luciferase activity (E).

alternative animal model for studying the pathogenesis and
growth kinetics of non-mouse-adapted B virus strains (9). Only
about 100 PFU per ml of rIBV-NS110-VNO4HA was detected
in lung tissues of BALB/c mice 3 days postinfection, which was
3 logs lower than that in rWT B virus-infected mice (Fig. 7C).
Only the infection of BALB/c mice with the highest dose (5 X
10° PFU) of rIBV-NS110-VNO4HA led to a 10% weight loss in
the first 5 days postinfection (Fig. 7E). Similar observations
were obtained with C57BL/6 PKR ™/~ mice. rIBV-NS110-
VNO4HA viruses replicated at low levels early in the infection
and caused no weight loss after 14 days postinfection. In sum-
mary, both mouse strains showed no mortality or morbidity after

infection with rIBV-NS110-VNO4HA, which indicates that this
virus is attenuated in mice.

As this is the first time that a hemagglutinin of avian origin is
expressed on the B virus background, we tested whether such
genetic manipulation of the B virus enabled it to infect chickens.
To abolish the potential negative interference from the attenua-
tion brought about by the truncated NS1 protein, we generated an
rIBV-VNO4HA virus with the wild-type NS1 gene. As shown in
Table 1, no morbidity or mortality was observed in chickens in-
fected with either the rtWT B virus or the rIBV-VNO4HA virus.
No viruses were recovered from any intranasally inoculated
chicken. Of note, we did detect seroconversion in the chickens
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intravenously inoculated with the chimeric B virus (Table 1).
Seroconversion also was observed in animals receiving the rtWT B
virus (Table 1). Thus, we conclude that the rIBV-VNO4HA virus
is unlikely to cross the species barrier to infect chickens.

01 2 3 4 5 6 7 8 9 10 11 12 13 14
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Vaccination with rIBV-NS110-VNO4HA elicits antibody re-

sponses in BALB/c mice. We next wished to evaluate the pro-
duction of VN HA-specific IgGs in the sera of BALB/c mice
immunized with rIBV-NS110-VNO4HA. As shown in Fig. 8A,
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TABLE 1. Direct assessment of infection of recombinant B viruses
in chickens®

Virus strain I\tl)?r d(;f Route  Morbidity  Mortality HI((s}el\r/;)%(;gy
rWT B/Ya88 5 in. 0/5 0/5 1/5 (<8)
rIBV-VNO4HA 5 in. 0/5 0/5 0/5 (<8)
rWT B/Ya88 10 iv. 0/10 0/10 10/10 119
rIBV-VNO4HA 10 iv. 0/10 0/10 3/10 (<8)

“ HI, hemagglutination inhibition assay; GMT, geometric mean titer; i.n.,
intranasal (in. dose, 10>7 50% egg infective doses [EIDs,]); iv., intrave-
nous. (i.v. dose, 10%? EIDsy).

vaccination elicited a significant increase in levels of antibodies
against VN hemagglutinin, and antibody titers increased in a
dose-dependent manner with the amount of rIBV-NS110-
VNO4HA administered.

Immunization with rIBV-NS110-VNO4HA protects against
lethal H5 challenge in BALB/c mice. To evaluate whether
vaccination with rIBV-NS110-VNO4HA can protect against in-
fection with a potentially pandemic H5 virus, we challenged
rIBV-NS110-VNO4HA-vaccinated mice with 5 X 10°> PFU of
an A virus expressing the HA (without the polybasic cleavage
site) and NA of VN(04 on a PRS8 backbone (rPRS-
VNO4HANA; 50% lethal dose, 316 PFU), which previously
has been used in our laboratory as a substitute challenge virus
for WT HPAI HS5 virus (27).

BALB/c mice were immunized with different doses of rIBV-
NS110-VNO4HA, rWT B virus, or PBS. At days 3 and 6 post-
challenge, three mice per group were euthanized, and their
lungs were harvested for the analysis of viral burden. We de-
tected around 10* PFU viruses in animals receiving the lowest
vaccine dose (5 X 10 PFU) at day 3 postchallenge, which still
was 1 log lower than the level in control animals receiving the
rWT B virus or PBS (Fig. 8B). At day 6 postchallenge, we did
not detect any residual virus from any of the rIBV-NS110-
VNO04HA-vaccinated animals, whereas 10° PFU viruses were
detected in the lungs of the two control groups. These results
indicate that vaccination with rIBV-NS110-VNO4HA can signifi-
cantly decrease viral burden after challenge with rPRS-
VNO4HANA. To further evaluate the protection of animals from
disease or death, we challenged the vaccinated animals with 5 X
10° PFU of rPR8-VNO4HANA. We observed a 5% weight loss in
mice immunized with 5 X 10° PFU rIBV-NS110-VNO4HA (Fig.
8C). In contrast, all control mice immunized with either rWT B
virus or PBS succumbed to viral challenge (Fig. 8C).

Vaccination with rIBV-NS110-VNO4HA elicits antibody re-
sponses and increases influenza-specific IFN-y-secreting
CD8* T cells in PKR™'~ mice. We measured the humoral
response against the rWT B virus in rIBV-NS110-VN0O4HA-
immunized C57BL/6 PKR™/~ mice. Similarly to what we
observed regarding the humoral response against influenza
A viruses in BALB/c mice, the vaccination of C57BL/6
PKR ™/~ mice induced a potent increase in anti-B virus-
specific antibodies (Fig. 9A). In addition, to determine
whether rIBV-NS110-VNO4HA vaccination induced a
CD8™" T-cell response, we also examined the production of
IBV-specific CD8" T cells in immunized C57BL/6 PKR ™/~
mice. Purified CD8" T cells were pooled from vaccinated
mice (n = 3) at 21 days postvaccination and stimulated with
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splenocytes from naive mice that were infected in vitro with
rWT B virus for 2 h (Fig. 9B). We quantified the number of
IBV-specific CD8" T cells using an ELISpot reader and
found that the vaccination of C57BL/6 PKR /™ mice with
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FIG. 8. Vaccination with chimeric A/B viruses protects BALB/c mice
from lethal infection with influenza A virus. Eight-week-old female BALB/c
mice (n = 13) were immunized with the indicated viruses or tWT B/Ya88
virus, and PBS was used as a negative control. Serum samples were collected
21 days postvaccination (n = 3). A/PR8 VN HA/NA virus-specific antibodies
(A) were detected by ELISA as described in Materials and Methods. The rest
of the immunized mice were infected with either 1 x10° PFU of PRS-
VNO4HANA virus for viral lung replication study (n = 6) or 5 X 10° PFU of
rPR8-VNO4HANA virus for pathology study (n = 4). (B) Pulmonary viral
replication in vaccinated BALB/c mice on days 3 and 6 p.i. Average lung titers
+ standard deviations are depicted. The limit of detection was 5 PFU. (C) Af-
ter viral challenge, animals (n = 4) were monitored for body weight changes
and survival for a total of 14 days postchallenge. *, P < 0.05; #+, P < 0.01; and
sk, P < 0.001 versus PBS control.
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FIG. 9. Vaccination with chimeric A/B viruses protects C57BL/6
PKR ™/~ mice from lethal infection with the parental influenza B/Ya88
virus. Eight-week-old female C57BL/6 PKR '~ mice (n = 10) were
immunized with 10-fold serial dilutions of rIBV-NS110-VNO4HA,
from 1 X 10° PFU to 1 X 10 PFU, and PBS was used as a negative
control. At 21 days postvaccination, serum samples were collected (n =
3). (A) B/Ya88 virus-specific antibodies were detected by ELISA as
described in Materials and Methods. CD8™ T cells were isolated from
splenocytes (n = 3). (B) Splenocytes from naive mice were infected
with rtWT B/Ya88 viruses and used as antigen-presenting cells in an
ELISpot assay with CD8" T cells from vaccinated mice. The experi-
ment was performed in triplicate, and the average number of spots per
well + standard deviations is graphed. In each group, the other four
immunized mice per group were infected with 1 X 10° PFU of rtWT B
virus for pathology study (n = 4). (C) After viral challenge, C57BL/6
PKR ™/~ mice were monitored for body weight changes and survival for
a total of 14 days postchallenge. *, P < 0.05; #*, P < 0.01; and s, P <
0.001 versus PBS control.
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rIBV-NS110-VNO4HA enhanced the number of CD8" T
cells that recognized B virus peptides (Fig. 9B).

Immunization with rIBV-NS110-VNO4HA protects against
lethal B virus challenge in PKR ™~ mice. Given that influenza
B viruses contribute to a large number of influenza cases an-
nually, it would be of practical benefit to have a vaccine that
protects against both A and B viruses. To this end, we wished
to determine whether our recombinant B virus-based vaccine
expressing the ectodomain of an A virus hemagglutinin would
have protective efficacy against lethal challenge with IBV. We
immunized C57BL/6 PKR ™/~ mice with different doses of
rIBV-NS110-VNO4HA and then challenged the mice with 1 X
10° PFU rWT B/Ya88. No weight loss was observed in mice
immunized with rIBV-NS110-VNO4HA in the 14 days post-
challenge, whereas all control animals immunized with PBS
succumbed to virus infection before day 8 postinfection
(Fig. 9C).

In conclusion, we have shown that mice immunized once
with a recombinant B virus expressing an A virus hemaggluti-
nin is able to induce a robust immune response and protect
against both influenza A and B virus challenge in mice.

DISCUSSION

Preexposure immunization, either through the use of inac-
tivated vaccines or LAIVs, has been proven to be the most
cost-effective method to prevent influenza virus infection (2).
With regard to LAIVs, however, the possibility that the hem-
agglutinin segment from a vaccine strain could reassort with a
wild-type circulating IAV would prevent the use of live vac-
cines in prepandemic scenarios. To address this issue, we pro-
pose a different approach in vaccine design by using a recom-
binant B virus-based LAIV expressing the hemagglutinin of an
A virus, which is reassortment incompetent with circulating A
viruses. Our vaccine model takes advantage of the fact that
there is no known reassortment between influenza A and B
viruses; we have incorporated the portion of the influenza A
hemagglutinin that is required for the induction of protective
immunity into an influenza B virus, and in doing so we have
removed the influenza A packaging signals that would enable
the incorporation of the gene segment into a wild-type influ-
enza A virus. We show that our design strategy could be ap-
plied to multiple influenza A virus subtypes, including two
seasonal subtypes (H1 and H3) and one potential pandemic
virus subtype (HY).

In light of what has been described, the generation of this
recombinant B virus-based LAIV against A viruses has several
innovations over the previous generation of LAIVs. The chi-
meric influenza A/B virus that initially was rescued by Flan-
dorfer at al. grew poorly in vitro (5). However, after several
passages, it grew to titers comparable to those of wild-type
TAYV strains. Flandorfer at al. identified one mutation, the most
C-terminal amino acid of the IBV HA ectodomain, which was
mutated from an IBV-specific histidine back to an IAV-specific
tyrosine; that single change appeared to be responsible for
the observed enhancement in replication (5). Based on their
observations, we designed our chimeric HA segment to in-
clude the last five amino acids of the IBV HA ectodomain
(Fig. 1 and 6A).

When the chimeric HA segment was inserted into a WT B
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virus background, the recombinant influenza B virus contain-
ing the chimeric hemagglutinin segment replicated as well as
the rtWT B virus (data not shown). Although we are not sure
why those membrane-proximal amino acids are required for
the enhanced replication, there are two possible explanations
for this observation: (i) the membrane-proximal amino acids
are important for maintaining the stability of the chimeric
protein, or (ii) the membrane-proximal amino acids are im-
portant for the efficient incorporation of the protein into the
viral membrane. Of note, we also attempted to rescue a virus
that maintained the membrane-proximal 10 amino acids of the
B virus sequence. However, we were not able to rescue that
virus. This indicated that the extra five amino acids from the B
virus are genetically incompatible with the A hemagglutinin
ectodomain. The interaction between these hemagglutinin el-
ements may play a vital role in the expression or stability of the
hemagglutinin protein.

The present recombinant viruses are unable to donate their
A virus hemagglutinins to influenza A viruses because of the
restrictions imposed by the packaging sequences. However,
these viruses could accept influenza B virus hemagglutinin
genes from circulating wild-type strains. Such reassortant vi-
ruses would be comparable to the wild-type strains in circula-
tion.

Even though vaccination with different chimeric B viruses at
different doses protected A virus-infected mice from death
(Fig. 5 and 8), the data indicated that there were differences in
the immunogenicity of the different chimeric B virus vaccines.
Immunization with PR8 HA chimeric B virus induced higher
IgG antibody responses (Fig. 4A and B) and lower viral rep-
lication of the challenge virus in the lung (Fig. 5A and B) than
vaccination with HK68 HA chimeric B virus. The difference
likely is due to the higher replication capacity of the PR§ HA
chimeric virus compared to that of the HK68 HA chimeric
virus (Fig. 2E and 3A).

It is interesting that recombinant B viruses expressing an H5
hemagglutinin do not infect chickens productively, indicating
that the expression of a single surface protein of an avian A
virus on an otherwise B virus backbone does not yield a re-
combinant virus that has the means to transmit to avian spe-
cies. This observation underscores the importance of other B
virus factors which block a successful infection of species other
than humans.

Our serologic and cellular studies indicate that both hu-
moral and cellular immune responses specific for non-hemag-
glutinin viral proteins, such as the neuraminidase and nucleo-
protein, were sufficient to protect mice from lethal rtWT B virus
infection. A similar observation has been made in an earlier
study of influenza A virus (20). It is not clear if this phenom-
enon would translate to human immunity, since people typi-
cally need to be immunized regularly with novel circulating
influenza B viruses despite the high conservation of internal
genes between seasonal B strains.

In summary, we have designed a live-attenuated vaccine
model that might be safely used during prepandemic disease
scenarios. Importantly, we also have demonstrated that our
reassortment-incapable live vaccine strains can elicit a protec-
tive immune response in mice against a potential pandemic
influenza virus subtype.
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